Several materials have been added to oil well cement slurries to improve their fresh and hardened properties. Many of these materials are industrial and agroindustrial wastes, and their use promotes sustainable development, avoiding their disposal in the environment. In this context, this study evaluates the rheological behaviour of oil well cement slurries containing granite cutting waste. The slurries were formulated with additions of 10%, 15%, and 20% of granite waste (by weight of cement -BWOC), as well as reference slurry containing only water and Portland cement. The results revealed that slurries containing up to 20% of granite waste presented satisfactory rheological properties, proving their potential for application in oil well cementing operations. Moreover, the addition of 20% of granite waste was not considered detrimental to the compressive strength of the cement slurries.
INTRODUCTION
Cementing is one of the most important operations performed during the construction of oil and gas wells (El-Gamal et al., 2017). The cement is placed in the annulus between the casing and the formation surface to provide zonal isolation, support the casing, and protect it against corrosive fluids (Ahmed et al., 2009; Rodrigues et al., 2017; Sun et al., 2017) . The importance of a proper slurry design for each application resides on the fact that, without appropriate zonal isolation, the well may never reach its full producing potential (Nelson, 1990 ).
The basic properties of the slurry should be evaluated and adjusted through laboratory testing to ensure a safe and effective cementing job. The rheological behaviour of cement slurries plays a key role among properties usually evaluated in cementing design. The use of industrial and agroindustrial wastes in cement slurries for oil wells is highly positive from the environmental point of view, since waste materials cause several problems to the environment when discarded in an inadequate way. In this context, the ornamental stone industry is becoming a concern for producing high amounts of waste. It is estimated that about 30% of the stone mass is disposed as waste during the cutting process (Elmoaty, 2013; Rajgor & Pitroda, 2013). During this process, waste is produced in the form of mud. After drying, this mud gives rise to a fine powder, resulting in several environmental problems and damages to human health (Singh et al., 2016a). In addition to environmental problems, the transportation and disposal of this waste in landfills involves substantial costs. In this context, researchers have sought alternatives to incorporate these residues in other industrial processes, thus, reducing costs and the environmental impacts generated by the inappropriate waste disposal.
Recent researches present the possibility of reusing residual granite powder in the production of cement materials such as concrete, mortar, and cement slurries (Elmoaty, 2013; Sharma et al., 2017; Mashaly et al., 2018). Therefore, this study aims to evaluate the influence of the addition of granite powder waste on the rheological behaviour of cement slurries for oil wells cementation as a way to promote sustainable development.
MATERIALS AND METHODS

Materials
Special Portland cement was used in the formulation of the slurries. This Portland cement is specific for cementation of oil wells, classified according to NBR 9831 (ABNT, 2006). The chemical composition and physical properties of the cement are presented in Table 1 .
The granite powder waste (GPW) used in this study is an industrial by-product generated during the cutting of granite blocks. The waste was provided by a local source. 
Characterization of granite waste
Before carrying out the analyses and formulating the slurries, the granite waste was ground to reduce their granulometry and eliminate clods. Grinding was performed in a Retsch PM-100 planetary ball mill for 5 minutes at 300 rpm.
The chemical composition of the granite powder waste was determined using X-ray fluorescence (XRF) technique. Pressed powder samples were analyzed on a Bruker S8-Tiger spectrometer, operated at 40 kV and 30 mA. The mineralogical characterization and identification of crystalline phases of the waste were performed using X-ray diffraction (XRD) technique. The XRD analyses were conducted on a Shimadzu XRD-6000 diffractometer using CuKα radiation, operated at 40 kV and 30 mA. Readings were taken in the range from 5° to 60° (2θ) at a rate of 0.5°/min. The GPW density was determined by helium gas pycnometry, using the Micromeritics Accupyc II 1340 picnometer.
After grinding, the particle size distribution of the waste was performed by laser diffraction on a Malvern Mastersizer-3000 laser particle size analyzer. Differential thermal (DTA) and thermogravimetric (TG) analyses were carried out on a Shimadzu DTG 60H simultaneous analyzer under 50 ml/min of N 2 . The powdered sample was heated from 25 °C to 1000 °C, at a steady rate of 10 °C/min. Scanning electron microscopy (SEM) analyses were performed on the Hitachi S-3400N scanning electron microscope.
Cement slurries formulation
The oil well cement slurries were formulated with 10%, 15%, and 20% granite powder waste (by weight of cement -BWOC), as well as standard slurry (STD), which contained only water and Portland cement. Table 2 shows the composition of the slurries for each formulation. The slurry density was fixed at 15.6 lb/gal (1.87 g/cm3) in the fresh state. The slurries were mixed using a Chandler 3260 mixer, according to NBR 9831 (ABNT, 2006).
Slurry conditioning
Immediately after mixing, before the rheological testing, the slurries were conditioned in a Chandler 1200 atmospheric consistometer for a period of 20 minutes at a rotation of (150 ± 5) rpm, as recommended by NBR 9831 (ABNT, 2006). During this period, the slurries were heated to the test temperatures (27 °C and 39 °C). For the tests at 27 °C, the temperature was kept constant during the conditioning. For the tests at 39 °C, the slurry was poured into the equipment at an initial temperature of 27 °C, and heated at a constant rate until reaching the test temperature after 20 minutes of conditioning.
The temperature of 27 °C was chosen because it is recommended by NBR 9831 (ABNT, 2006), thus allowing the comparison of the results obtained in the tests with the acceptance values specified by the standard. On the other hand, the temperature of 39 °C was chosen to simulate the bottom hole circulation temperature (BHCT) conditions for the surface phase of onshore oil wells in the northeast of Brazil. This temperature was established by computational simulation for a real well with a depth of 760m.
Rheological evaluation
The rheological properties of fresh slurries were evaluated by a Chandler 3530 viscometer. The tests were performed at the temperatures of 27 °C and 39 °C, which were maintained throughout the test by a heated cup assembly. The first reading was taken 60 s after continuous rotation at 300 rpm. Subsequent readings were performed at speeds of 200 rpm and 100 rpm, at 20 s intervals. After reading at 100 rpm, the speed was increased to 600 rpm and kept constant for 60 s. The viscometer was shut off for 10 seconds. Thereafter, the rotation was switched on at 3 rpm and the maximum reading observed was recorded (10 s gel strength). The viscometer was shut off again for 10 min. Thereafter the rotation was switched on at 3 rpm, and the maximum reading observed was recorded (10 min gel strength). The entire procedure was performed according to NBR 9831 (ABNT, 2006) recommendations.
Analysis of rheological properties
Viscometer raw data were used to calculate the shear rate and shear stress using 
Compressive strength
RESULTS E DISCUSSION
Characterization of granite waste
The chemical composition of the granite waste, determined by X-ray fluorescence, is given in Table  3 , and its X-ray diffraction (XRD) pattern can be seen in Figure 1 . The X-ray diffraction analysis (Figure 1) shows that quartz (SiO2), muscovite (KAl 2 Si 3 AlO 10 (OH) 2 ), sodium feldspar (NaAlSi 3 O 8 ), and potassium feldspar (KAlSi 3 O 8 ) are the main mineral phases that compose the granite waste. The calcite (CaCO 3 ), identified in smaller proportions, does not have a significant influence on the performance of the cement slurry. Therefore, the presence of this phase in the waste is not negative for the slurry The GPW density, obtained by pycnometry, was 2.8888 g/cm³. Figure 2 shows the particle size distribution of the waste, determined by laser diffraction. The mean values of D10, D50, and D90 parameters were 1.0, 13.8, and 79.5 μm, respectively. The GPW average diameter was approximately 27.40 μm.
TG, DTG, and DTA curves of the granite waste are plotted in Figure 3 . An endothermic peak is observed around 700 °C. This peak is associated to 
Rheological properties
The readings recorded in the viscometer for the slurries formulated at temperatures of 27 °C and 39 °C enabled the construction of their flow curves. The curves presented in Figure 5 show how the shear stress varies as a function of the shear rate applied for each slurry at 27 °C and 39 °C. These curves define the rheological behavior of the slurries.
The correlation coefficients (R²) for the Bingham Plastic rheological model are shown in Table 4 . All R² values were close to 1, indicating that the Bingham model described the rheological behavior of the evaluated slurries satisfactorily.
A proper characterization of the cement slurry rheology is important to determine the flow regime and pressures during the cementing operation, ensuring that slurries can be mixed on the surface and placed in the well with minimal pressure drop (Nelson, 1990) . In this context, Figure 6 shows the rheological properties evaluated for the slurries at 27 °C and 39 °C. The limits established by NBR 9831 are represented by green (minimum) and red (maximum) lines.
According to the results shown in Figure 6 (a and b), the rheological properties of the slurries with granite waste increased slightly compared to the ones found for standard slurry, based on the higher plastic viscosity and yield point, determined using the Bingham Plastic model. The increase observed in the rheological properties of the slurries with addition of the waste may be due to an association of factors. The first one is the angular and rough shape of the granite waste. This texture favors the anchoring of particles and increases the friction between them, contributing to their agglomeration and, consequently, making the slurry flow difficult (Miranda, 2008) . Also, the particle size distribution of the waste, with a high content of fines, increases the water demand by increasing water absorption, leading to a high resistance to the slurries flow as more waste is added ( Although all the slurries with waste addition had higher plastic viscosity values than standard slurries, one can observe that the slurries with 15%, and 20% of granite waste showed viscosity values lower than those found for slurries with 10% addition. This indicates that slurries with 15% and 20% residue had better workability.
The slurries evaluated at 39 °C showed values of yield point and plastic viscosity slightly lower than those found at 27 °C, indicating that the temperature decreased the rheological parameters of the slurries.
The 10 s gel strength and 10 min gel strength results shown in Figures 6c and 6d , respectively, indicate that the addition of waste had no significant impact on the gelation of the slurries, since the values obtained for the reference slurry are practically the same as those obtained for the slurries with addition of granite waste.
The increase in temperature reduced the 10 min gel strength values. For the 10 s gel strength results, however, the effect of temperature was not significant, and similar values were found for the two temperatures evaluated.
All the parameters evaluated for the slurries with granite waste were within the limits established by standard NBR 9831, which proves that the slurries added with up to 20% of GPW meet the rheological requirements established for Special Portland cement. Therefore, according to the results, the granite waste does not cause considerable losses to the slurries, making its use in well cementing viable.
Compressive strength
We prepared six samples with 639.38 g of cement, 127.88 g of granite waste (20% granite waste in relation to weight of cement), and 354.78 g of water. The density of the slurries was set at 15.6 lb/gal (1.87 g/cm 3 ) in the fresh state. The samples were cured at 54 °C for 1 and 28 days (in triplicate). This temperature was chosen to simulate the static bottom-hole temperature of a 760 m onshore well located in the Northeast area of Brazil.
The one-day cured sample exhibited compressive strength of 3333 ± 102 psi. At 28 days, the compressive strength was 5139 ± 76 psi. According to Nelson (1990) , adequate zonal isolation is guaranteed, in general rules, with a compressive strength of 1000 psi. Therefore, all the cement slurries achieved compressive strength at least three times greater than 1000 psi.
CONCLUSIONS
A new waste, originated from the cutting of granite stones, was studied in the formulation of cement slurries for oil wells. The rheological properties of the slurries with addition of the waste were evaluated according to Brazilian standard NBR 9831 (ABNT, 2006) . The main conclusions of this study are:
 The Bingham Plastic model satisfactorily describes the rheological behavior of cement slurries with up to 20% granite waste;
 The tests confirmed that rheological properties (plastic viscosity, yield point, 10 s gel strength, and 10 min gel strength) of the slurries with up to 20% granite waste are in accordance with the limits established by NBR 9831;
 The increase of the temperature of the tests to 39 °C, simulating real well conditions, leads to small falls in most of the studied properties, except for the 10 s gel readings, which remained practically the same for both temperatures;
 The addition of granite waste was not considered detrimental to the application of the cement slurries, considering that they presented satisfactory resistances (superior to 3000 psi after 24 h).
Finally, the use of granite waste in cement slurries for oil wells represents a viable alternative from a rheological point of view, according to NBR 9831, as well as being an economically interesting way to reduce the environmental impact generated by the improper destination of waste, converting it into a commercial product. 
